Abstract
INTRODUCTION

In the Advanced Hydrotest Facility (AHF) proposed by
Los Alamos National Laboratow. individual Droton U + I __ bunches will be extracted from a 50-GeV synchrotron by bunches will he extracted from a 50-GeV synchrotron by two 50-ohm parallel-plate transmission-line kickers that each pmduce an arbitrary time sequence of up to 24 kicks. In order to maximize the kick while minimizing the pulser voltage, the kickers are operatedin a push-pull mode, a positive voltage pulse being applied one side and a negative pulse with equal magnitude to the other. The vertical plane between the two plates is a virmal ground when the pulses on the two sides are identical except for sign. Each side of the kicker separately represents a 50-ohm load and is separately terminated with a 50-ohm resistor. A kicker modulator capable of generating a string of approximately 25 pulses at arbitrary times within a total time of 100 microseconds or more is needed.
Pulses with a 50 kV flattop of f l % flatness and 75 ns duration, together with rise and fall times of 65 ns or shorter are required. Allowable afler-pulse ringing and modulator ournut baseline changes are defined by the 
THE VOLTAGE-ADDER CONCEPT
The present voltage-adder kicker modulator concept (see Fig. 1 ) is an outgrowth of solid-state pulsedmodulator development for induction accelerators at Livermore and is based on that of an existing 20 kV modulator built by the Lawence Livermore National Laboratory for the DAHRT facility at LANL [I] . The voltage adder is basically a step-up transformer with many separately powered parallel single-turn primary windings and a series-connected secondary winding that couples to all of the cures. The transformer is formed from a stack of annular magnetic cures wound from requirement that the circulating beam bunches remaining Metglas or other high-permeability magnetic tape in the ring afler a bunch Dair has been kicked out not be material The outout circuit is formed bv a center This was the maximum output voltage that could be achieved without over stressing the MOSFETs with regard to their drain-to-source voltage (the devices used have a maximum drain-source rating of IOOOV and -970 volts was measured during the tum-off of the devices).
The voltage stress was due to the inductive voltage spike generated as a result of the very fast turn-off of the MOSFETs (< Ions) and the subsequent dUdt (-86Wps).
The circuit boards were therefore modified to slow down the fall time of the gate drive pulse and the turn-off time of the nower MOSFETs. Afler the makine the above and
other modifications to circuit boards, the modulator stack was rebuilt. In the rebuilding, changes were made to the output cable connections and the double-stack configuration was changed to a single-stack configuration to reduce impedance mismatch effects on the output pulse. The reconfigured modulator, shown in Fig. 2 , is a structure approximately IO feet tall. The reconfigured modulator was tested at 50 kV into a 50-ohm load at a 5 MHz burst frequency. A five-pulse burst is shown in Fig. 3. the voltage that appears on the output after the main pulse is due to the transformer magnetization current, which increases with each pulse of the burst and reaches maximum value after the last pulse of the burst. The voltage that is generated in the primary circuit by the magnetization current decay is coupled into the secondary circuit and appears as a voltage (opposite polarity to main pulses) on the output. The duration of the voltage is determined by the LIR time-constant where L is the transformer's primary inductance and R is the resistance in the path of the magnetization current. Another contributor to the intra-pulse voltage is the very slight impedance mismatch between the adder stalk and the cable. The prototype modulator has demonstrated the capability of meeting most of the AHF pulse parimeten.
Two parameters that cannot be met due to hardware limitations are the full 24-pulse burst and voltage droop over the entire burst. The transformer therefore needed to be redesigned to have more volt-seconds to satisfy the burst requirement and the drive boards redesigned to have a much larger storage capacitance to satisfy the droop requirement.
DEVELOPMENT OF IMPROVED C O W S AND DRIVE BOARDS
As the number of pulses in a burst increases, it becomes more difficult to meet the intra-pulse voltage requirement because magnetization current increases with each pulse of the burst. Therefore, in addition to increasing pulse number.and quality, one of the goals of the drive board design and transformer design is to better dampen the magnetization current and/or reduce the magnetization current.
Core Development for the 24-pulse modulator
The objective of the core development effort of 2002 was to increase the magnetic. core cross-sectional mea to handle 24-pulse burst requirement and to reduce the magnetization current. The baseline design approach was to use for the core material MetglasTM SAI. With a mean pulse width of ISOns, 24 pulses in the burst, and a charge voltage of 750 volts, each core must provide a minimum of 2.70~10" V-s. Empirical data indicate that the useable AF3 for SA1 is -1.46 T. Adding a 20 % safety factor gives a minimum core area of 4 in'.
However, As the magnetic core is not the major cost driver (-25% of total modulator costs), there is .little incentive to minimize the core volume other than to keep the modulator reasonable in size. On the other hand, there is a strong motivation to have more core volume than required; the transformer should never saturate under any reasonabldnormal operating condition and any extra core material serves to reduce the peak magnetization current. M e t g l a P SAI, and annealed nanocrystalline and transverse annealed nanocrystalline cores of the same geomeby as the new SALcores were procured and tested.
The measurements showed that due to its higher permeability, the nanocrystalline material. has substantially lower magnetization current (-40% of SA1 for the same core geometry), but has approximately 70% of the available volt-seconds. In view of these results, some type of nanocrystalline core is the preferred approach for future work.
Improved Drive Board Design
The most efficient approach to meeting the full AHF V-s requirement is to incorporate as much~capacitance as possible on a hoard layout that is reasonable in size and cost and to incorporate extra adder cells into the final pulser design. Using boards with a new high energydensity 12 pF capacitor, the load voltage will have drooped 1% (500 volts) by the l3'pulse. To compensate for this droop, additional adder cells charged to can be brought on line at various times through the pulse train.
A new drive board incorporating the new capacitors, improved MOSFETS, and some other improvements was designed and successfully tested together with the new cores in a four-cell stack. Based on these results, a modulator with four extra compensation drive circuitsicells is expected to meet the AHF requirements.
SUMMARY AND PLANS FOR FUTURE
DEVELOPMENT
A 50 KV, 1000 A pulsed kicker modulator meeting the objectives of Stages 1 and 2 the original development plan [2] has been designed and successfully tested. At present, due to lack of funding, execution of Stage3 (a full-scale modulator capable of producing the entire pulse train for AHF) bas been postponed indefmitely. Nevertheless, a highly promising new modulator technology has been demonstrated. It is likely that the demonstrated voltage-adder approach will find use in accelerator technology and will eventually displace PFNs switched by gas-filled thyratron tubes in many applications.
